ABSTRACT. Relative resistance to oxygen toxicity in newborn animals (compared to adults) has been associated with increased antioxidant enzymes and glutathione in lung homogenate. The cell type(s) involved in this increase is unknown. We investigated the effect of hyperoxia in vitro and in vivo on the following antioxidants (superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase, glucose-6-phosphate dehydrogenase, and glutathione) in alveolar type I1 cells from neonatal rats. Type I1 cells were exposed to 95% oxygen or air for 48 h in vitro. When expressed per pg DNA, all the antioxidants except catalase increased during in vitro incubation; only glucose-6-phosphate dehydrogenase and glutathione increased when expressed per mg protein. None of the antioxidants was higher in oxygen-exposed cells than in airexposed cells. Neonatal rats were exposed to 100% oxygen or air in vivo for 4 d before determination of antioxidants in lung homogenate supernatant and alveolar type I1 cells. Catalase, glutathione peroxidase, and glutathione reductase were higher but glucose-6-phosphate dehydrogenase and glutathione were lower in type I1 cells than in lung homogenate from control animals. Alveolar type I1 cell gluco~e-6-phosphate dehydrogenase and glutathione were increased but catalase and glutathione reductase were decreased by exposure to hyieroxia. We conclude that the oxygen-induced increase in whole lung antioxidants is not explained by alveolar type I1 cell hypertrophy or increased antioxidants within type I1 cells during hyperoxia. Oxygen-induced lung injury is thought to result from toxic effects of partially reduced species of molecular oxygen (I), commonly referred to as oxygen free radicals. Production of oxygen free radicals is increased during exposure to hyperoxia, and antioxidant enzymes are believed to protect against cellular Received February 10, 1989; accepted June 14, 1989 damage by free radicals. Neonatal animals of some species (rats, rabbits, and mice) are relatively resistant to toxic effects of hyperoxia when compared to adult animals of the same species (2). This relative resistance is manifested by longer survival in 100% oxygen and is associated with increased activity of lung antioxidant enzymes (2). This natural protection from oxygeninduced lung injury has been attributed to increased antioxidant enzyme activities despite the fact that the increases are modest (20-40%) and result in lower enzyme activity per g of lung tissue than the basal activities of the more susceptible adult animals (3). Protection of adult rats from pulmonary oxygen toxicity can be induced by prior exposure to nonlethal hyperoxia (4) or endotoxin (5). These forms of protection have also been associated with increased antioxidant enzyme activity in lung tissue. Although newborn lambs are similarly protected by endotoxin administration, this protection is not associated with increased antioxidants in lung tissue (6). Thus it remains unclear that increased antioxidants mediate enhanced protection from oxygen toxicity in these animal models.
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Of the many cell types present in lung tissue, endothelial cells and alveolar type I cells are most sensitive to oxygen-induced injury. Acute pulmonary oxygen toxicity is histologically manifested by necrosis of these cell types with relative preservation of alveolar type I1 cells (7) . Chronic sublethal hyperoxia is characterized by proliferation and hypertrophy of type I1 cells and fibroblasts (8) . We hypothesized that alveolar type I1 cells may be more resistant to oxygen-induced injury because these cells are rich in antioxidants. If a specific cell type that is rich in antioxidants is selectively preserved during hyperoxia, antioxidant enzyme activity per g of lung tissue would increase with prolonged survival in hyperoxia. This increase would not require the ability of individual cells to increase the amount or activity of antioxidants and would occur regardless of the mechanism of enhanced survival.
We investigated this hypothesis by studying the effects of hyperoxia in vitro and in vivo on antioxidant enzymes and glutathione in type I1 cells from neonatal rats. For comparison, we also measured these antioxidants in whole lung homogenate after in vivo exposure.
MATERIALS AND METHODS
Oxygen exposure. Newborn Sprague-Dawley rats (Holtzman, Madison, WI) at 1-2 d of age from at least two litters were divided into equal groups for room air or oxygen exposure. Oxygen-exposed neonates were housed with a dam in a plexiglass chamber with continuous flow of oxygen. Analysis of the chamber gas was determined to be >97% O2 and <0.05% C02. Dams were rotated daily between oxygen-and air-exposed pups. Based on previous work by others (3, 9) and preliminary studies in this laboratory, it was expected that differences in antioxidants would be optimally detected after Type II cell isolation. Type I1 cells were isolated from the lungs of 5-to 7-d-old rats. For in vivo studies, newborns had been exposed to 4 d of either oxygen or air as described above just before type I1 cell isolation. Ten to 20 newborn rats were used for each cell preparation. Type I1 cells were isolated from newborn lungs by the procedure of Richards et al. (lo) , which included purification by 30-min differential adhesion of fibroblasts. Yield was 1-3 x lo6 cells per newborn rat. As described by others, the yield from oxygen-exposed rats was consistently lower than the yield from air-exposed rats (1 1, 12). Purity was determined by modified Papanicolaou stain (1 3) to be >90% at the time of isolation and >95% of adherent cells after overnight incubation. For in vivo exposure studies, isolated cells were rinsed, resuspended in buffer, and sonicated on ice for antioxidant assays.
For in vitro exposure studies, type I1 cells were diluted in minimum essential medium with antibiotic/antimycotic solution and 10% fetal bovine serum (Gibco Laboratories, Grand Island, NY) and plated onto culture dishes (Corning Glass Works, Corning, NY) with 2-4 x lo6 cells/35-mm dish. After overnight incubation at 37°C in 95% air, 5% CO2, nonadherent cells and medium were removed. Adherent cells were harvested as described below for baseline antioxidant assays. The remaining dishes were divided into two groups for in vitro air or oxygen exposure. Oxygen-exposed dishes were incubated in a sealed plexiglass chamber filled with 95% 0 2 , 5% C02. Air-exposed dishes were incubated in 95% air, 5% COz. The medium and chamber gas were changed daily. After 48 h, the cells were harvested by gently rinsing the medium, then removing the adherent cells into buffer and sonicating on ice for antioxidant assays.
Each data point represents the antioxidant assay for an individual aliquot of the pooled cell preparation. Each antioxidant assay was performed on at least three separate cell preparations.
Biochemical assays. DNA was determined by the fluorometric assay of Cesarone et al. (14) . Protein was assayed using the method of Lowry et al. (1 5) or with fluorescamine dye according to Bohlen et al. (16) . SOD was assayed by monitoring the disappearance of superoxide anion as described by Marklund (17) . Catalase activity was assayed by the method of Claiborne (1 8). GP activity was measured according to Paglia and Valentine (19) using cumene hydroperoxide as a substrate. Glutathione (oxidized and reduced) was determined by the enzymatic assay of Grifith (20) using reduced glutathione as a standard. GR activity was assayed by the method of Carlberg et al. (21) and G6PD activity was measured according to Lohr and Waller (22 The only significant differences between oxygen and air exposure were that GR/pg DNA and G6PD/pg DNA were higher in air-exposed cells than in oxygenexposed cells. Table 2 . Only G6PD and glutathione were increased by oxygen exposure. SOD, catalase, and GR were decreased in type I1 cells during oxygen exposure. When type I1 cell antioxidants were expressed per mg protein (right portion of each panel in Fig. I 
* SOD -(1 U = In 2/tK S-I); CAT, catalase -(U = pmol HzOz/min); GP, GR, G6PD -(U = nmol NADPHlmin); GLU = glutathione, reduced
t p < 0.05 when compared to baseline. (The only significant differences between oxygen and air exposure were that GR/pg DNA and G6PD/pg DNA were higher in the air-exposed cells than in the oxygen-exposed cells.) cells, and based on our in vitro studies this might be expected to increase type I1 cell antioxidants as an artifact of the isolation process. In contrast to these studies, we found that type I1 cells had less G6PD and glutathione than lung homogenate. Thus, if the neonatal type I1 cell's resistance to oxygen induced injury can be explained by higher constitutive levels of antioxidants, the protection would have to be mediated by higher catalase, GP, and GR. Increased activity of GP could result in depletion of reduced glutathione stores if there were insufficient G6PD to regenerate NADPH and oxidized glutathione was eliminated from the cell (24) . For the antioxidants that are higher in type I1 cells (catalase, GP, and GR) than in lung homogenate from control animals, concentrations are not higher than in lung homogenate from oxygen-exposed animals. Thus, the hyperoxia-induced increase in these antioxidants in lung homogenate is not attributable to hypertrophy or selective survival type I1 cells after exposure to hyperoxia. Even if the neonatal alveolar type I1 cell does not have higher levels of antioxidants than other lung cell types, this cell might have antioxidant-mediated enhanced protection from oxidant injury if antioxidant levels could be increased during oxygen exposure. In contrast to studies of oxygen tolerant adult animals (exposed to 85% oxygen for 7 d) (12), we did not demonstrate increases in all the antioxidants when expressed per pg DNA as would be expected in alveolar type I1 cell hypertrophy with maintenance of cytosolic antioxidant concentrations. In the present studies, only G6PD and glutathione were increased when expressed either per pg DNA or per mg protein.
Previous studies in this laboratory have shown that the hyperoxia-induced increase in activity of G6PD is associated with comparable increases in the amount of enzyme protein (25) .
Increased G6PD might simply reflect increased metabolic activity in hyperoxia-exposed type I1 cells; this seems unlikely because oxidative metabolism is decreased during hyperoxia in lung tissue culture (26) . Inasmuch as little is known about the coordination of concerted antioxidant enzyme systems, it is difficult to speculate whether an increase in G6PD activity alone could afford the cell protection from oxygen-induced injury.
Reduced glutathione serves as a reducing agent for peroxidation products of oxygen radicals. We did not assay oxidized glutathione or rates of glutathione synthesis. If glutathione synthesis was increased but glutathione was rapidly oxidized and released from the cells, biologically important protection could be afforded without increased glutathione measured at a single time point. The role of other nonenzymatic antioxidants, such as vitamins A and E, in the type I1 cell's resistance to oxygen toxicity is unknown.
The findings in this study are consistent with the following conclusions. Neonatal alveolar type I1 cells do not have markedly higher constitutive levels of antioxidants than other cell types. The increase in lung antioxidants that occurs in neonatal rats during exposure to hyperoxia cannot be explained by a morphologic change toward alveolar type I1 cell predominance. If type I1 cell preservation during hyperoxia is explained by increased antioxidants during oxygen exposure, it is the glutathione system that mediates this protection.
Freeman el al. (12) suggested that enhanced SOD activity may be localized in endothelial cells which undergo hypertrophy during adaptation to sublethal hyperoxia in adult rats. Other cell types that are more prevalent in the lung after chronic hyperoxia are fibroblasts, macrophages, and neutrophils. If these cells are relatively rich in antioxidants, their enhanced presence in the lung could account for increased antioxidants observed in oxygen-tolerant states.
